Elevated iron and decreased copper levels are cardinal features of the degenerating substantia nigra pars compacta in the Parkinson's disease brain. Both of these redox-active metals, and fellow transition metals manganese and zinc, are found at high concentrations within the midbrain and participate in a range of unique biological reactions. We examined the total metal content and cellular compartmentalisation of manganese, iron, copper and zinc in the degenerating substantia nigra, disease-affected but nondegenerating fusiform gyrus, and unaffected occipital cortex in the post mortem Parkinson's disease brain compared with age-matched controls. An expected increase in iron and a decrease in copper concentration was isolated to the soluble cellular fraction, encompassing both interstitial and cytosolic metals and metalbinding proteins, rather than the membrane-associated or insoluble fractions. Manganese and zinc levels did not differ between experimental groups. Altered Fe and Cu levels were unrelated to Braak pathological staging in our cases of late-stage (Braak stage V and VI) disease. The data supports our hypothesis that regional alterations in Fe and Cu, and in proteins that utilise these metals, contribute to the regional selectively of neuronal vulnerability in this disorder.
Introduction
The brain contains some of the highest concentrations of iron (Fe), copper (Cu), zinc (Zn) and manganese (Mn) in the human body. 1 These metals are responsible for numerous cellular functions including synaptic transmission, myelinogenesis, energy production and regulation of oxidative stress. Many of these biochemical processes rely on metals for transfer of electrons via redox chemistry, neuronal excitation, protein structure and enzymatic function. 2 Alterations in the levels and distribution of these transition metals are consistently reported in the Parkinson's disease brain, 3, 4 with the best documented change being elevated levels of Fe in the substantia nigra pars compacta (SNc). Abnormal deposition of Fe in the Parkinson's disease brain was first reported in 1924; 5 since then numerous studies have identified significantly increased Fe levels within vulnerable brain regions in this disorder beyond those observed in healthy aged-matched brains. 6, 7 Additionally, a concomitant decrease in Cu concentration has also been reported in degenerating regions of the Parkinson's disease brain, 8, 9 while data regarding Zn levels are conflicting. 3, 10 Occupational exposure to Mn alone has been demonstrated to cause parkinsonism, 11 highlighting the necessity for tight Mn regulation in the brain. To date, most studies have described regional alterations in total metal levels (typically Fe) in whole tissue samples. 3, 6, 12, 13 While such studies are useful to identify the neuroanatomical location of changes in specific metals, alterations at the cellular and subcellular level in the Parkinson's disease brain are less well understood. Determining the cellular compartment in which these changes occur may aid in determining the underlying cause of these alterations, and the pathological effects subsequently produced in their subcellular environment.
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In this study, we examined the subcellular compartmentalisation of Mn, Fe, Cu and Zn in three regions of the Parkinson's disease brain displaying varying degrees of neurodegeneration and proteinopathology. We separated tissue samples into three fractions representing the 'soluble', 'membrane-associated' and 'insoluble' tissue components respectively, to identify the specific cellular compartment in which metal alterations are most marked. We also examined whether total metal levels were altered according to late-stage Braak pathology.
Experimental

Ethics, consent and permissions
Human ethics for this study was granted by the University of Sydney (ID: 2015/202) and the University of Melbourne (ID: 1136882).
Human brain tissue
In total, fresh frozen human post-mortem brain tissue was obtained from 13 Parkinson's disease (PD) subjects and 11 age-matched controls (Ctrl). Three specific regions were analyzed: substantia nigra (SN; encompassing both pars reticulata and pars compacta regions; n PD = 9, n Ctrl = 8), fusiform gyrus (FUS; n PD = 9, n Ctrl = 8) and occipital cortex (OCx; n PD = 11, n Ctrl = 11) were obtained from the New South Wales and Sydney Brain Banks. Demographic details for these cases are shown in Table 1 . All Parkinson's disease cases were receiving levodopa at the time of death; other anti-parkinsonian medications prescribed (n = 1 case per medication) were a COMT inhibitor, a MAO inhibitor, a drug trial of Sarizotan (a 5-HT 1A agonist and D 2 dopamine receptor antagonist), and a dopamine agonist.
Tissue preparation
Tissue preparation was adapted from our previously published methods. [14] [15] [16] [17] ) of wet tissue weight. Samples below instrument limit of detection were excluded from analysis. 20 Outliers were identified using the combined robust regression and outlier removal (ROUT) method with a maximum false discovery rate of 5%. 21 Total metal levels were calculated as the sum of the metal content in each fraction. Metal concentrations in each fraction for control and Parkinson's disease groups were compared using one-way analysis of variance (ANOVA) followed by Sidak post hoc correction for multiple comparisons, or a Student's two-tailed t-test, as noted in the results. For analysis of metal distribution within fractions between control and Parkinson's disease groups, centered-transformations 22 were performed in CoDaPack and the subsequent compositional data was compared using multi-variate ANOVA in SPSS. All charts were drawn using Prism. A significant difference was defined as p o 0.05.
Results
Regional distribution of total metal levels in the healthy and diseases substantia nigra, occipital cortex and fusiform gyrus concentrated in the healthy SN than the OCx (+38%, p o 0.01) and FUS (+49%, p o 0.01; one-way ANOVA; Fig. S1b , ESI †), though no changes were observed within regions according to disease state.
Transition metal alterations in cellular compartments of the Parkinson's disease substantia nigra
In the Parkinson's disease SN, the decreased Cu concentration was confined to the soluble faction (À53%; p o 0.01; Fig. 2a ).
No detectable Cu was observed in the insoluble fraction in control brains, but was detected in four of seven of the Parkinson's disease SN samples. Similarly, in this region, we observed elevations in total Fe levels in the Parkinson's disease SN that were also attributable to the soluble fraction (+124%, p o 0.01; Fig. 2b ). Although total zinc levels were unchanged in the Parkinson's disease SN, the membrane-associated fraction exhibited a significant decrease in this metal confined to this brain region (À34%; p o 0.01; Fig. 2c ; Student's two-tailed t-tests). Manganese levels did not differ in any fraction between controls and Parkinson's disease tissue (Fig. 2d) . The percentage distribution of Cu, Fe, Zn and Mn (Table 2 ) in the insoluble, membrane-associated and soluble fraction was not altered in any brain region between the healthy agedcontrol and Parkinson's disease brain. This suggests that intrinsic metal dyshomeostasis (i.e. decreased Cu and increased Fe levels) is not merely a redistribution of available metals, but instead remains distributed equivalently, with only absolute levels markedly altered in the Parkinson's disease SN.
Are altered metal levels in the Parkinson's disease substantia nigra related to late Braak staging?
All cases assessed were late-stage Parkinson's disease, and at post mortem all were classified as either Braak stage V and four stage VI, per the established pathological criteria. 23 No significant difference in total metal levels were observed in any of Parkinson's disease tissue from three regions assessed, other than a slight, non-significant decrease in Fe levels in the FUS (À12%, p = 0.055) (Fig. S2, ESI †) . A significantly higher Fe concentration in the membrane fraction of the SN (+392%; p o 0.05), and lower Fe concentration in the soluble phase of the OCx (À31%; p o 0.01; Fig. 3 ), was observed in stage VI cases compared to stage V, though the small sample size and large variance within the SN suggests these data should be interpreted with caution (see Discussion).
Discussion
The regions selected in this study represent three distinct pathological states in the Parkinson's disease brain. The SN is the primary site of dopaminergic neurodegeneration which results in the clinical movement disorder. 24 The dopaminergic FUS displays synucleinopathy and atrophy 25 and is associated with visual hallucinations and Parkinson's disease with dementia, albeit in the absence of neurodegeneration. 26 Finally, the OCx represents an 'internal control', in that this region exhibit neither Lewy pathology nor degeneration in Parkinson's disease. The region-specific distribution of total Cu and Fe in the three measured regions of the healthy brain we report here was consistent with previous reports. [27] [28] [29] In the Parkinson's disease brain, significant differences in metal levels were confined to the SN, specifically a decrease in total Cu and increase in total Fe. Our group has previously reported a À45% change in total SN Cu levels, 8 For the first time, we have isolated these changes to the 'soluble' cellular fraction, which represents the interstitium and cytoplasm. 17 Within this fraction are aqueous proteins including antioxidant enzymes, as well as free metals present in the tissue. Membrane-associated metal-protein complexes likely comprises of protein channels and pumps involved in transfer of metals across cell plasma membrane, and metals found within membrane-bound organelles. Despite moderate metal concentrations in the membrane-associated fractions (B35% total Fe, B20% total Cu and B45% total Zn; Table 2 ), similar changes in Cu and Fe observed in the soluble fraction were not observed. Metal-protein interactions for the purpose of transport across the plasma membrane or directed transport within the cells are likely to be transient however, and thus only a small proportion of membrane-associated transport proteins are likely to have been metal-bound at the time of extraction. A more stable pool of metals may be represented by plasma bound organelles such as mitochondria, which internalise Fe, Cu, Mn and Zn for both specific biological function or the synthesis of metalloproteins such as Fe-sulfur complexes or cytochrome c oxidase. Although mitochondrial dysfunction, and resulting effects on metal levels, are proposed to contribute to neuronal death in Parkinson's disease, 32 the fractionation technique used here may have masked subtle changes in mitochondrial metal levels and specific isolation of mitochondria from other membrane-encapsulated metals in Parkinson's disease and control samples would be required.
The purpose of the current study was to establish the specific subcellular compartments in which known alterations in biometals occur. In doing so, we can then narrow the scope of future proteomic studies targeting these specific subcellular compartments using high-throughput shotgun proteomics methods, 33 which are currently underway in our laboratory.
In addition, as both a-synuclein and SOD1 are demonstrated to aggregate in Parkinson's disease, 34 determining the subcellular fraction where these metal changes occur allows us to then identify whether these alterations are associated with the soluble forms of these proteins, or the aggregated form which would reside in the insoluble fraction. The insoluble component of SN homogenates represented only a small proportion of total metal levels and we observed no changes in metals in this fraction in any brain region. Within the healthy SN, the insoluble fraction is likely to comprise of the insoluble macromolecules neuromelanin and lipofuscin, aggregates. 34 While metals have been suggested to induce a-synuclein oligomerisation and aggregation in vitro, 38 it is unclear whether Lewy bodies retain metal ions. We recently demonstrated that SOD1 aggregates recently identified in Parkinson's disease share pathological similarities with the deposited protein in familial amyotrophic lateral sclerosis spinal cord and SN, 34 and this class of aggregate has been shown to be deficient in Cu. 39 The different populations of insoluble protein aggregates in degenerating regions of the Parkinson's disease brain may thus display metal associations that differ from that in the normal soluble protein, a hypothesis that could be tested using, for example, biochemical imaging analysis at the single aggregate level.
The disease-affected, but non-degenerating, FUS exhibited no evidence of perturbed metal levels supporting the hypothesis that metal dyshomeostasis, and associated oxidative stress, are restricted to specific degenerating regions of the Parkinson's disease brain. 40, 41 This poses an interesting question regarding the toxicity of synucleinopathy pathways in brain regions where metal levels are normal. In vitro evidence suggests that metal ions interact with a-synuclein to promote oxidative stress and neuronal death, 42 however, we report here that the FUS, which features accumulation of a-synuclein in Parkinson's disease in the absence cell death does not exhibit altered metal levels. Maintenance of metal homeostasis may thus be sufficient to mitigate cell death, despite proteinopathy. Further, no measurable increase in Fe within the FUS compared to control implies that increased oxidative stress arising from the Fe/dopamine/ a-synuclein axis does not occur within this brain region. 43 The FUS has recently been established as a site of marked glial activation in Parkinson's disease 44 which suggests that neuroinflammatory processes are not contributing to an increased amount of total Fe. Given that many transition metals pose a significant oxidative threat to tissues, the proportion of free, or 'labile' metals present is limited and highly regulated. 45 In the healthy cell, the majority of Fe is present in the cytoplasm as the reduced ferric species 46 and as part of a redox-silenced protein complex, which may utilise the metal for a specific biological function (e.g. Fe-catalysed activity of aromatic amino acid hydroxylases) or provide a mechanism for safe storage (e.g. ferritin). For instance, labile Fe present in a typical cell is estimated to account for around 3-5% of total cellular iron (B1-3 mg g À1 ), and labile Cu in the human cortex has been empirically measured at a similar concentration. 47 Elevated Fe in the Parkinson's disease SN has long been associated with neurotoxicity via various mechanisms such as oxidative, 48 ferroptosis, 49 and deleterious interactions between dopamine and Fe. 43, 50 It has long been argued whether Fe accumulation in the Parkinson's disease SN is a potential upstream cause of disease 51, 52 or merely an effect of inflammation. 53, 54 Despite this however, both inflammatory responses, and increased intraneuronal Fe and altered intracellular Fe-regulating systems have been implicated Fe dyshomeostasis in neuronal loss in the PD brain. 57 due to a lack of its required Cu cofactor. 30 Modulation of ceruloplasmin has been proposed as a potential therapeutic strategy for Parkinson's disease. 58 An additional cuproprotein potentially affected by a reduction in cytosolic Cu is the antioxidant conferring enzyme superoxide dismutase-1 (SOD1). Recent data has demonstrated increased SOD1 protein levels, yet a marked decrease in enzymatic activity in the Parkinson's disease SN, 34 proposed to result due to a lack of an essential Cu-association with this protein. Given the key bioactive role for Cu-mediated antioxidant activity in the brain, Cu modulation is a potential therapeutic avenue for Parkinson's disease, 59 and the repurposed positron emission tomography agent copper(II) diacetylbis(N(4)-methylthiosemi-carbazonato), or Cu II (atsm), has shown efficacy in transgenic and neurotoxin mouse models of Parkinson's disease. 60 The Braak staging scale used to describe the severity of Lewy pathology in the Parkinson's disease brain does not necessarily reflect the more restricted pattern of neuronal loss in this disorder; 24 
